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I. INTRODUCTION

P
INHOLE and multiple pinhole gamma cameras are widely used for imaging the distribution of radio-labeled molecules in small lab animals [1] - [5] . One of the advantages of SPECT imaging is that it is possible to achieve a spatial resolution superior to that provided by Positron Emission Tomography (PET). Detectors with 1-2 mm intrinsic resolution have been used to achieve an excellent spatial resolution in reconstructed SPECT images [6] - [10] . However, these systems in general used apertures having a relatively small number of micro pinholes. This leads to a very low detection efficiency and limits their use for quantitative studies. One possible approach for improving the tradeoff between detection efficiency and spatial resolution is to start from very high resolution gamma ray sensors and use them with apertures having a large number of micro pinholes. The aperture can be placed very close to the detector to reduce data multiplexing [11] , [12] . Over the past several years, advances in detector technology have pushed the intrinsic spatial resolution of gamma ray detectors down to a few hundred microns or even better. Several groups have proposed SPECT imaging systems based on these newly developed sensors [13] - [17] .
We are developing a single photon emission microscope (SPEM) system for small animal imaging based on I-125 labeled radiotracers [18] , [19] . It uses an ultra-high resolution gamma ray detector with a converging and non-multiplexing collimator. By confining the field-of-view to a small sub-region inside the object, we can pack a large number of micro-pinholes without any overlapping in projections through these pinholes. Therefore, a relatively good detection efficiency can be achieved along with an excellent imaging resolution. In this paper, we report the design and preliminary performances of the key component for the SPEM system, an ultra-high resolution gamma camera. This detector is based on a newly developed EMCCD sensor and a de-magnifier tube, coupled to a thin layer of scintillator. The prototype detector has an active area of
cm . An intrinsic spatial resolution of m and an excellent signal-to-noise ratio for detecting low energy gamma rays have been experimentally demonstrated.
II. MATERIALS AND METHODS
A. Requirements on Detectors for the SPEM System
Radioisotope I-125 decays via electron capture with the emission of a 35 keV gamma ray. Several K shell X-rays with photon energies ranging from 27 to 32 keV from the Te daughter product can accompany the decay. The relative probabilities for photon emissions associated with I-125 decay are 53% at 27.2 keV, 100% at 27.5 keV, 28.6% at keV and 9% at 35 keV. I-125 labeled probes have found many applications in molecular biology research [20] - [22] . Due to the relatively low photon energies, it is possible to collimate and locate these photons with very high precision. The performance goal of the SPEM system is to deliver a spatial resolution of a few hundred microns in mice using I-125 labeled radiotracers. Several design considerations for the detector used are summarized as the following. First, the detector should have an excellent intrinsic spatial resolution. The design of this camera should allow an intrinsic detector spatial resolution of m FWHM to be achieved. Secondly, for 27-35 keV photons, most of the interactions are photoelectric and the energy loss due to Compton scattering is relatively small. In this energy range, scattering rejection based on energy information is both less feasible and less important compared to SPECT imaging at higher gamma ray energies. The emphasis for this detector is to ensure a very high efficiency for detecting (or counting) true X and gamma ray interactions without counting dark events. Thirdly, in the design of the SPEM system, we used apertures with micro-pinholes of 100 m diameter to ensure a very high imaging resolution. This leads to a relatively low photon flux reaching the detector. We expect that the maximum count rate per detector is a few thousand counts per second. For constructing a practical imaging system, the detector was designed to have an active area of greater than 5 5 cm . 
B. A Very-High Resolution Gamma Ray Detector
The detector that we developed for this application is essentially a single X/gamma ray photon counting camera. It is based on the newly developed electron multiplying charge-coupled devices (EMCCD). These sensors are similar, in structure, to conventional CCDs except that a series of multiplying registers are added before the readout amplifier. These multiplying registers amplify the charge signal by a factor of up to several tens of thousand using the phenomenon called "impact ionization" [23] , [24] . This effectively eliminates the readout electronic noise associated with conventional CCDs (especially with fast-scan CCDs). As a result, EMCCDs can offer a readout rate of up to 35 MHz, while having an effective readout noise of electron RMS per pixel. As a comparison, standard CCDs at similar readout rates would have a readout noise of 40 electrons or more.
The combination of high spatial resolution, high frame rate and low effective readout noise has made the EMCCD a promising device for gamma ray imaging applications. Several groups have proposed or experimentally tested imaging systems based on this device. Unfortunately, currently available sensors are relatively small (typically 8 8 mm in size). To construct a detector with a reasonable active area, Nagarkar, et al. [25] have developed a detector system that used an optical lens to couple a scintillation array to an EMCCD device. The major limitation of this design is the low coupling efficiency between the scintillator and the EMCCD sensor, which was measured to be 0.7-0.07%. For our applications (of imaging at keV), each gamma ray stopped in the phosphor produces only a few hundred photons. After coupling to the EMCCD sensor, the remaining photons may also be shared between several CCD pixels, which further reduces the signal-to-noise ratio per pixel. The coupling efficiency can be improved by using fiber tapers [15] , [16] . For example, a 4:1 taper coupled to the sensor would bring the active area up to 32 32 mm and provide an effective light transmission of . However, this coupling efficiency is still too low for reliably detecting single X/gamma ray interactions (at keV). Furthermore, using tapers with aspect ratios greater than 3:1 would also introduce considerable optical distortions.
In our detector design, we used an electrostatic de-magnifier (DM) tube, instead of fiber tapers or relay lenses, for coupling scintillation light onto the EMCCD sensor. The DM tube is essentially a first generation image intensifier which has a quantum efficiency (QE) of % at around 550 nm wavelength [26] . It has an active area of mm diameter on the front entrance window, which is surrounded by a dead area of cm wide for accommodating the tube structure. The entire active area is covered by a thin layer of phosphor. Unlike using a fiber taper, the use of the DM tube provides an enlarged active area with a fixed photon gain. So it is preferred when a large de-magnification ratio (DM ratio) is required between the actual detection area and the active area of the readout sensor used. However, the spatial resolution at the input window of the DM tube is inversely proportional to the DM ratio. A large DM ratio will also lead to significant distortions at the edge of the FOV. In our detector, we chose to use a moderate DM ratio of 4:1. The output of the DM tube is coupled to the EMCCD sensor through a 1.5:1 fiber taper. Therefore, the total detection active area on the phosphor is mm . We can further extend the active area to cover up to 80 mm diameter, by using a larger DM ratio. This will leave a minimum dead area of cm wide around the detection area. A schematic of the gamma camera is shown in Fig. 1 . In our prototype device, a Gadox phosphor of m thickness is used for converting the 27-35 keV X/Gamma rays into visible photons. Several other scintillation materials, such as columnar CsI(Tl), will be tested in future studies. The EMCCD sensor used is an E2V 97 series L3 Vision Electron Multiplication CCD [27] . It has 512 512 pixels and each pixel is 16 16 m in size. This sensor is a back-illuminated frame transfer device. It operates at up to 10 MHz so that an effective frame rate of 32 frames per second (fps) can be achieved at full resolution. The sensor is normally operating at C to reduce dark current. To extract gamma ray interactions from a frame acquired, we first find local maxima in the frame. An array of 3 3 to 5 5 pixels (depending on the binning scheme used) was then defined around each peak position. The energy of an interaction is derived by summing signals from all pixels in the corresponding group, while the interaction position is estimated by simply centroiding over the same group of pixels.
III. RESULTS AND DISCUSSIONS
A. Signal-to-Noise Ratio and Energy Resolution
For each 27-35 keV photon energy deposited in the phosphor, scintillation photons are generated (the light yield of the Gadox phosphor was assumed to be 400 photon/MeV [28] ). Considering that only a relatively small portion of these photons can exit from the phosphor and the quantum efficiency (Q.E.) of the photocathode is as low as 5-7%, we expect photoelectrons to be emitted from the photocathode. The DM tube used has a gain of photons/photoelectron, which leads to around 600 photons emitted from its output window per event.
After taking into account the transmission of the fiber taper and the quantum efficiency of the EMCCD sensor, the number of electrons generated on the EMCCD is a Poisson random variable with a mean of electrons. These electrons are typically spread over 4 4 or 5 5 pixels. Such a signal is rather weak for a standard CCD readout at 10 MHz, but it is more than plenty for the EMCCD sensor to handle. We have defined a conversion efficiency , which is the mean number of electrons generated on the EMCCD sensor for a single photoelectron on the DM photocathode. For the prototype detector, is . Different conversion efficiency can be achieved by using tapers of different sizes between the DM tube and the EMCCD sensor.
The internal gain of EMCCD sensors is a stochastic process. For a fixed number of electrons at the input of the multiplication stage, the number of electrons at the output follows the distribution given in [29] , (1) where is the electron multiplying (EM) gain. With the input signal being a Poisson random variable, the output signal has a mean (2) and standard deviation where is the number of multiplying registers in the EMCCD, which is 550 in the sensor used in our detector. Now considering the spurious noise charge generated during the transfer of charge through the device (i.e., the clock-induced charge, CIC) and thermal dark noise as in standard CCDs, the overall readout noise for a given signal is [29] where is the number of pixels included when deriving the overall signal level by summing over a local group of pixels. and are the average noise charge per pixel within a given exposure time, typically 10-30 ms. is the readout noise of the EMCCD output amplifier. Note that CIC is a common phenomenon for all CCD sensors. It is normally lost in the CCD readout noise in even the lowest noise conventional CCDs. However for the EMCCD at high gain, even individual electrons can be seen as sharp spikes in the image and any CIC will become visible. To keep clock induced charge to a minimum, careful attention has to be paid to the clock amplitudes and edges [29] . In (4) , is given in the number of electrons on the input of the CCD before multiplication. Estimated total readout noise for a given fixed signal of 10 photoelectrons, as a function on the EM gain, are shown in Fig. 2 . For these calculations, we assumed that and /pix. and are both negligible when compared to typical amplitudes of true signals. With an EM gain of a few hundred, the total readout noise for the given signal level ( photoelectrons) was around 1 photoelectrons. Clearly, the energy resolution achievable with this detector is dominated by the Poisson fluctuation on the number of photoelectrons generated on the DM photocathode ( photoelectrons) rather than the subsequent readout noise.
Although the emphasis of this work is to achieve an ultra-high spatial resolution of m, a good energy resolution may also be obtained with detectors having similar configurations. One possible approach is to maximize the photoelectron yield on the DM tube by depositing a photocathode directly on a thin layer of scintillator and using it as the entrance window. D'Ambrosio, et al. [31] have shown that a photoelectron yield of photoelectron/keV can be achieved with a thin YAP window. In principle, the photoelectron yield can be further improved by the use of new scintillators such as LaBr (Ce) (light-yield: 65000 ph/MeV). Pani et al. [32] have recently reported an energy resolution of 6% at 140 keV in an gamma camera, using a commercially available 2" 2" LaBr (Ce) scintillator coupled to a PSPMT. Even with a perfect scintillator (free of non-linearity and light-yield dependency on interaction location), it would take at least 1500 photons at 140 keV to achieve a resolution of 6%. So we would expect that photoelectrons/keV was achieved with their setup. If we use a DM tube that has a thin quartz entrance window with a similar photocathode and all other configurations kept the same as in our current prototype detector, we should get a light pool containing photoelectrons for each 30 keV deposited in the crystal. This should greatly improve the SNR for detecting I-125 interactions. In Fig. 3 , we showed the estimated contributions to the overall energy resolution from the Poisson fluctuation on the number of photoelectrons and the subsequent readout noise. From this data, it should be possible to achieve an energy resolution of % FWHM at keV and % at 140 keV with the gamma camera based on DM tube and EMCCD readout.
B. X and Gamma Ray Photon Counting Capability
Some examples of detected I-125 interactions are shown in Fig. 4 . With a reasonable electron multiplying gain, the resulting signal amplitudes from true interactions are well above the noise. At a gain of 200, we can see some low amplitude spikes on top of the remaining readout noise, for pixels without true signal. These are caused by thermally generated photoelectrons on the DM photocathode, at a rate of photoelectrons/sec.cm . For gamma ray photon counting applications, we set a threshold on the summed signal from a local group of 4 4 or 5 5 pixels. At a frame rate of 30 f/s or higher, the chance of two thermally generated photoelectrons falling onto the same group of pixels and within the same frame is negligible. Therefore one can set a threshold on summed signals that is just above a signal photoelectron level to pick up true I-125 events. As previously discussed, the mean signal level for I-125 events is photoelectrons, which should be well-separated from the signal level for dark events.
To further verify the X and gamma photon-counting capability of this prototype detector, we used a collimated I-125 source to irradiate the detector. One third of its 5 5 cm active area was exposed to the source, while the rest of the active area was shielded by tungsten sheets of 1 mm thickness. Measured energy spectra with events from both shielded and open areas (normalized to the same size and exposure time) are compared in Fig. 5 . Note that there is a severe low-energy tailing effect in measured spectra with true events. This is mostly caused by the variation in light yield (depending on where the gamma ray energy is deposited in the scintillator). In the Gadox phosphor used, absorption material is added to reduce light spread. As a result, scintillation photons generated further away from the exiting surface would suffer more attenuation. We expect that this effect can be reduced using scintillators with a more uniform light yield. With an EM gain of 200, one can set an energy threshold at around 1/8 of the signal amplitude for photopeak events. This should give a counting efficiency for true events, with almost complete rejection of dark events. This excellent gamma ray photon counting efficiency is critical for the SPEM application because the true count rate may be as low as a few tens of counts per second. 
C. Intrinsic Spatial Resolution
The intrinsic spatial resolution of the prototype detector was measured with an I-125 spherical source of 500 m diameter, placed 10 cm away from the detector. A slit collimator made of 1 mm thick tungsten sheet was placed right on top of the scintillator. The slit opening on the collimator was m wide. For this measurement, we used different binning schemes when reading out the EMCCD sensor. The use of 2 2 and 4 4 binning improve the readout frame rate from the standard 32 fps to 50 fps and 95 fps, respectively. This helps to reduce the probability of event overlapping at high count rate. However, binning does lead to poorer spatial resolution due to the enlarged optical pixel size on the detector. The measured line response functions are shown in Fig. 6 . The measured intrinsic spatial resolution of the detector is shown in Table I . The effect of slit width was subtracted in quadrature from the measured FWHM of LSF.
Note that when reading out the detector with 512 512 pixels, the intrinsic spatial resolution achieved was around 60 m FWHM, which is slightly worse than the target ( m). In this prototype detector, we used a Gadox phosphor for converting gamma rays into visible photons. This scintillator is wet powder applied on the input window of the DM tube. Its polycrystalline structure leads to a relatively wide light spread. Results in Table I showed that even with 4 4 binning and the resultant 384 384 m pixel size, one can still get a good spatial resolution of 119 m FWHM. This indicated that the light spread in the scintillator must be wide enough to cover at least 2 2 pixels or an area of 800 800 m . The center-to-center distance was also 500 m.
To further improve the spatial resolution, we will test other scintillators that are either brighter or have less light spread, such as columnar CsI(Tl) or a thin disk of YAP or LaBr (Ce). As we previously discussed, it is possible to achieve more than 10 photoelectrons/keV, in contrast to the 0.3-0.5 photoelectrons/keV that we are currently getting. These should help to achieve a better detector intrinsic spatial resolution.
D. Preliminary Pinhole Imaging Studies
To further verify the performance of this detector, we tested it with a micro pinhole aperture for some planar imaging studies. The aperture has a single pinhole of 100 m diameter. The experimental setup is shown in Fig. 7 . The first set of measurements was made using a planar scene containing multiple spherical objects of 500 m diameter. The source sphere to pinhole distance was cm and the pinhole was 2cm away from the detector. Images were reconstructed in 2-D using the standard MLEM algorithm [33] . A reconstructed image containing two source spheres is shown in Fig. 8 . For imaging at a very high resolution, it is difficult to find a true point (or line) source that has a physical dimension much smaller than the expected imaging resolution ( microns). To measure the imaging resolution, we used an indirect method based on fitting the reconstructed source object profile to the expected one. The latter is assumed to be the convolution of the true profile (known a priori) with a Gaussian blurring. Knowing that the source sphere has an exact size of 500 m diameter, the width of the Gaussian blurring was determined to be m FWHM. This fitting process is illustrated in Fig. 9 . To further verify this result, we used a planar phantom with 8 source spheres divided into 4 pairs. The dead spaces between pairs are 0 m, 100 m and 200 m, respectively. The reconstructed 2-D image is shown in Figs. 10 and 11. From the cross section profile that cuts through the centers of the four spheres on the left hand side, we see that even without spacing, two closely packed source spheres can be nicely resolved. Two source spheres that are 100 m apart were almost perfectly separated. These results confirmed that for the planar imaging case, an imaging resolution well below 100 m can be achieved with the intensified EMCCD camera and a micro pinhole aperture. We also used this prototype pinhole camera to image the thyroid of a mouse, 24 hours after injecting 500 Ci I-125 solution. The actual uptake of the thyroid was measured (using a calibrated Anger camera) to be Ci. The anethesized mouse was placed in front of the camera with its thyroid 2 cm away from the pinhole. The data was acquired for 2 hours. A reconstructed image is shown in Fig. 12 .
IV. CONCLUSIONS AND DISCUSSIONS
We presented the design and preliminary experimental evaluations of an ultra-high resolution gamma camera for I-125 image applications. This detector is based on a recently developed EMCCD sensor and a DM tube. Experimental results are summarized as below:
• An ultra-high intrinsic resolution of m FWHM was achieved for detecting 27-35 keV X and gamma rays emitted by I-125. There is plenty of room for further improving the spatial resolution to below 50 m.
• An excellent photon counting capability was demonstrated. True interactions can be detected with a very high efficiency and images are almost free of false positives caused by noise events from the DM/EMCCD readout chain.
• The high readout speed of the EMCCD camera allows a frame rate of 30-100 frame/sec to be achieved along with a high spatial resolution. We expect that the camera is capable of handling several thousands of interactions per second, which should be sufficient for the SPEM system based on this detector.
• An imaging resolution of m FWHM has been experimentally demonstrated in planar imaging case for image scenes that contain isolated "point-like" source objects only. This gamma camera offers a great potential for ultra-high resolution SPECT imaging. Although an excellent performance has been demonstrated on the prototype detector, there is much room for further improvements. For example, the photoelectron yield on the DM tube can be greatly improved by using different scintillators or scintilator plates directly as the entrance window. These would lead to not only a much better energy resolution, but also further improved spatial resolution. We are actively working on refining the design of the DM tube to reduce the dead area, so multiple detectors can be packed closer. In principle, we can also use detectors with similar configuration for detecting gamma rays with higher energy (for example, the 140 keV gamma rays from Tc-99 m).
